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! Q INTRODUCTION
2y
' Recent research with analytically useful noble-gas plasmas has included
vi: an examination of the near-infrared spectral region (700-2000 nm) for the
:fl detection of atomic emission (1-4). Such plasmas possess sufficient energy
™ to electronically excite and/or ionize even nonmetals, which have large
{é; excitation and ionization potentials compared to those of metal atoms.
:ij : Nonmetals are of particular interest, since many do not possess intense
' . atomic emission lines in the ultraviolet-visible spectral region above 200
"
5$j mm. There are many potentially useful atomic lines in the near-infrared for
.
’F element- such as carbon, nitrogen, oxygen, sulfur, chlorine, and bromine.
X The existence of these lines and the relative absence of band spectra and
3 background emission suggest the possibility of exploiting near-infrared
53 atomic emission for analytical purposes.
% The principal problem with near-infrared emission spectroscopy is the
§§ lack of high-responsivity, low-noise detectors. Few, if any, near-infrared
:5‘ detectors approach the performance of photomultipliers used in the ultravio-
X let-visible spectral region. The Ag-0-Cs photocathode, which enables near-
Y
g infrared response for some photomultipliers, possesses a lower quantum
r"ﬁ efficiency (by a factor > 10) and a larger dark current (by a factor >

100) than more conventional photocathodes. Semiconductor detectors sensi-

tive in the near-infrared lack the internal gain of photomultipliers and

;. -
L,q thus require high gain, low noise amplifiers. Many such detectors will _

Ok themselves, exhibit high noise levels. “1

o a

- In order to properly evaluate any near-infrared emission technique the . ______J
< ——
N correct detector must be chosen. This paper discusses theoretical signal

- /
am and noise expressions and presents experimental signal and noise measure- E"E;;’“
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ments for five detectors sensitive in the near-infrared:  tw9 photomultipli-
er tubes (PMTs), a silicon photodiode (PD), a PbS photoconducfive detector
(PCD), and a linear silicon photodiode array (PDA). In addition, sﬁée;ral
response curves for these detectors between 700 and 1200 nm are presentéd:
The detector of choice for a particular application is found to depend on a
number of measurement parameters including the spectral region of interest

and the photon flux to be detected.

THEORY

Definitions for symbols used in this discussion are given in Table I.
The five detectors to be considered are all photon detectors; that is,
incident photons act in a discrete manner to produce free charge carriers.

Photoemission from the photocathode of the PMTs produces electrons, which

are accelerated and multiplied in the dynode chain. The photovoltaic ef-

fect, which describes the operation of the PD and PDA, involves the separa-
tion of photon-produced charge carriers on either side of a semiconductor

Junction. The photoconductive effect involves a change in semiconductor

conductivity produced when incident photons create free charge carriers.
There is no p~n junction in a photoconductive semiconductor.
Expressions for the signal voltage from the PMTs, PD, and PCD are given

by Equations 1, 2, and 3, respectively (5-7). The signal

SPMT = R1¢Ank()\)ndec | (1)
SPD = R1¢Ane (2)
S - VbR .1_(.A_R.d_).__ (3)
PCD (R1 +R)2
2
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'tk. expressions for the PMTs and PD are functions of quantities which are eitner
.}:.'
S known or easily estimated. The PCD signal expression is a function of ARy,
’ the change in resistance of the PCD produced by incidert photons. This
-F_'..
:ﬁ resistince change is, in turn, a function of various parameters including
.
:ﬁ: the free charge carrier concentration and lifetime (6). The PDA is an
integrated circuit configured such that detector current does not flow
'.‘
1: through a load resistor, but instead charges a capacitor: the PDA is an
1\-‘
v
;3 : integrating detector.
Y
A number of potentially significant noise sources must be considered;
l' \
2{: their relative importance depends on the detector type and modulation fre-
‘:‘.\
t$§ quency. In general, one noise source will predominate, although the pre-
DAl
\'; dominant source may change with frequency and incident photon flux. Johnson
s noise in a load resistor or amplifier feedback resistor can be calculated
from the Nyquist formula (5-7),
s o = [4kTR, Af ]V %
¥ J,emr/ep = [4KTR; AF 17° . )
! Equation 4 yields valid noise calculations for the PMTs and PD, which have
w
‘o'
jjg: internal resistances much greater than Ry . For the PCD the parallel resis-
) .
e
~ tance of the detector and load resistor must be used, since R; and Ry are
) usually comparable. Equation 5 allows the calculation of Johnson noise in
%; this cage and includes a correction for the temperature of the (normally
-\."_
;}' cooled) PCD (5).
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Shot noige arises from the random character bf discrete events, such as
the arrival of photons at a detector, the emission of photoelectrons from a
photocathode, or the passage of charge carriers across a p~n junction. Shot
noise calculations usually distinguish between photon and dark (thermionic
cmisslon, thermal generation of charge carriers) noise sources. Equations 6
and 7 are shot noise expressions for the PMTs and PD, respectively (7,8).

Sper = By [2enc2nd(1p +1p Af) ¥R (6)

US,PD = R1[2e(1p + 1d) Af]Vh ¢))
For the PMTs it is assumed that only thermionic emission from the photocath-

ode is a significant dark noise source; thus i and iy are both photocathode

P
currents. Shot noise in the PCD is usually termed "generation-recombina~
tion" noise, which refers to the random generation and recombination of
charge carriers in the semiconductor. A detailed description of generation~
recombination noise requires knowledge of charge carrier lifetimes and mo-
bilities (5). Photon-induced sﬁot noise in the PCD can be calculated using
equation 7. The factor B in equation 6 accounts for additional noise caused

by the statistical nature of electron emission from the PMT photocathodes.

B can be calculated from equation 8,

B = Z g3 (8)

where g is the average gain per dynode stage (g = GI/“5 and m is the number
of stages (8). Ordinarily, an additional correction for thermionic emission
from dynodes i8 necessary; however, low-work-function photocathodes are the
dominant source of thermionic emission in near-infrared-sensitive PMTs.
Flicker noise, which is inversely dependent on modulation frequency, is

poorly understood. It can arise from a variety of sources including the
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bias voltage supply, dynode resistors, detector resistance, and semiconduc-

tor detectors themselves. Although flicker noise is frequently significant,

an exact and general expression for its calculation is not available.

The preamplifier used with each detector will also contribute noise to

all measurements. Amplifier noise can be calculated using equation 9

o, = [(R 212 +v. 0 £
and equivalent input noise current and voltage specifications (9). Ampli-
fier noise usually contains a flicker-noise component which is reflected in
the equivalent input noise specifications at low frequencies.

Noise sources other than those mentioned above, such as ionizing radia-
tion and readout noise, are assumed to be negiigible for the PMTs PD, and
PCD.

The integrating nature of the PDA necessitates the use of different
signal and noise expressions. These expressions are customarily given in
terms of the number of electrons or charge placed on the integrating capaci-

tor at a single pixel. The signal expression for a PDA is given by equation

10, which is merely equation 2 recast in terms of the number of electrons.

Nppa = ANt

The dominant noise source in the silicon PDA is fixed-pattern noise result-
ing from clock-pulse coupling onto the video lines. At constant tempera-
ture and integration time this noise can be subtracted, and will no longer
be a limiting noise source. Simpson (10) has presented equations for the

significant noise sources in the PDA, expressed in terms of number of elec~
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trons; equations 11 and 12 give the expressions for dark current shot noise

‘and amplifier noise.

(1 +ipt ¥
nS,PDA = e (11)

{The total capacitance, C, is the sum of video line, amplifier, and stray
capacitance.) Readout noise, which is related to the process of switching

pixels onto and off from the video line, is described by equation 13.

NR,PDA ~ ( 'le- ) [de(ZCp + zcvc)]l/z (13)

The PDA signal-processing circuit includes an external scaling preampl ifier, .

a sample-and-hold unit, and an analog-to-digital converter (ADC). Scéling
preamplifier noise can be calculated using equation 9. The rms quantization
noise contributed by the ADC will be 1/vi2 times the magnitude of the

quantization level (11).

EXPERIMENTAL

Signal and noise measurements were made for each of four detectors
(PMTs, PD, and PCD) using the apyt—us depicted in Figure 1. Radiation
from a tungsten-strip lamp'('(del 18A/T10/2P, General Electric Co.,
Cleveland, OH) was focused with a 10-cm focal length quartz leng onto the

entrance slit of a 0.35-m Czerny-Turner monochromator (Model EU-700, GCA
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McPherson, Acton, MA). The monochromator was equipped with a 600 groove/mm
grating blazed at 1000 nm and had entrance and exit slits fixed at 0.1 mm.
The lamp was operated at a temperature of approximately 1400°K, determined
by calibration against an NBS standard lamp (No. 431-P-717). The radiation
was modulated at 153.4 Hz, a frequency remote from interference noise, by a
mechanical chopper (Model 7505, Rofin, Marlboro, MA) placed between the lens
and monochromator.

The PCD was a 2-mm x 2-mm square lead-sulfide detector equipped with a
two-stage thermoelectric cooler and a calibrated thermistor for measuring
the detector temperature (Model 2757 TCD, Infrared Industries, Waltham, MA).
The PD was a l-mmdiameter silicon p-i-n photodiode (Model 5082-4207,
Hewlett Packard, Palo Alto, CA). Both the PCD and PD were mounted on brass
housings whicp could- accept a laboratory-constructed preamplifier assembly.

/,,/Qhé’ffzggrphotomultiplier (Model 7102, Hammamatsu, Middlesex; NJ), a ten-
stage, end-on tube with a Ag-0-Cs photocathode and a gain of 2.0 x 105, was
mounted in a thermoelectrically-cooled housing (Models 7102/117 and TELlO4RF-
002, Products for Research, Danvers, MA) using tap water as a heat-exchange
medium. The second photomultiplier (Model R636, Hammamatsu, Middlesex, NJ),
a nine-stage, side-on tube with a GaAs(Cs) photocathode and a gain of 1.6 x
105, was mounted in a room-temperature housing (Model 3150, Pacific
Precision Instruments, Concord, CA). During signal measurements with each
PMT, a l-mm-diameter aperture was placed at the exit slit to restrict the
slit height to the size of the PD.

Each detector was connected, in turn, to the same preamplifier, which
consisted of an ac-coupled operational amplifier (Model LF356, National
Semiconductor, Santa Clara, CA) configured as a voltage follower with an
effective load resistance of 6.7 x 106 (Figure 2). The preamplifier and a

reference signal output from the chopper were connected to a lock-in ampli-
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fier (Model 5101, Princeton Applied Research, Princeton, NJ). Both filter
stages on the lock-in amplifier were set for a time constant of ls, giving
an equivalent noise bandwidth of 0.125 Hz. Equivalent noise bandwidth is
defined as the bandwidth of a boxcar function with height equal to the
maximum response of the measurement system and area equal to that of the
total noise power spectrum. Measurements were traced on a strip-chart
recorder (Model SR-204, Heath, Benton Harbor, MI). Detector bias voltages
of =50 V, ~10 V, and -1250 V for the PCD, PD, and PMTs respectively, were
supplied by a high-voltage power supply (Model 415B, Fluke, Seattle, WA).
DC measurements for the PMTs were made using a picoammeter (Model 414S,
Keithley, Cleveland, OH), a 1-s time-constant low-pass filter, and the
strip-chart recorder.

Signal measurements were made with the lamp on and the monochromator
set at 900 nm. Noise measurements for the detectors were made with the lamp
off and the entrance slit blocked. Additional noise measurements were made
for various components by removing the detectors, load resistors, etc. The
rms noise voltages were taken to be one-fifth of the peak-to-peak noise
amplitude measured for a duration of at least one~hundred time constants.

The PDA (Model 1024S, EG&G Reticon, Sunnyvale, CA) was an integrated
circuit consisting of a linear array of 1024 pixels, each of which had a
height of 2.5 mm and an effective width of 25 ym. To facilitate alignment
in the monochromator focal plane, the PDA was connected to its preamplifier
circuit via a 40-cm length of ribbon cable. The preauplifier described

above was not used with this detector; instead, the video signal from the

PDA was processed by an evaluation circuit provided by the manufacturer

)
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(Model RC 10248, EG&G Reticon, Sunnyvale, CA). The signal was further
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Mansfield, MA), a sample and hold unit (Model SHM-2, Datel Intersil,
Mansfield, MA), and a twelve-bit ADC (Model ADC-EH12Bl, Datel Intersil,
Mansfield, MA). The digital output was stored by a MINC 11/23 computer
(Digital Equipment Corporation, Maynard, MA). The scaling preamplifier was
ad justed so that the PDA and the ADC were saturated at the same signal
level.

The PDA was cooled to a temperature of approximately -17°C by a two-
stage thermoelectric cooler (Models SE 1012, ST 1021, and 1156, Marlow
Industries, Garland, TX). Unmodulated radiation from the .up was inte-
grated on the detector for a period of 4s, giving an equi . -t noise
bandwidth of 0.125 Hz. A l-mm aperture restricted the entrance slit height
to that used with the PD and PMTs. Dark noise measurements were made by
recording the fluctuations of a single pixel in the PDA. All PDA measure-
ments were made after subtraction of a dark scan.

Spectral response curves for the PMTs, PD, and PCD were obtained by
operating the tungsten lamp at a temperature of 2200°K and scanning the
monochromator between 700 and 1200 nm. Scanning and data acquisition were
controlled by a computer (Model PDP 11/34A, Digital Equipment Corp.,
Maynard, MA). The data were normalized using the Planck radiation law for a
2200°K blackbody source, and scaled according to the S/N values measured at

900 nm.

RESULTS AND DISCUSSION

The results of noise calculations, based on equations discussed above,
for each single-channel detector are presented in Table II. It shc 1ld be
emphasized that these calculations are for dark noise. Any real spectro-

photometric measurement would include noise contributed by the photon




source. Calculations for the 7102 PMT and PCD under both roomtemperature
and cooled conditions are included. The operating temperatures chosen for
all d-tectors are typical and are not necessarily optimal. The preamplitier
and lock-in amplifier calculations are, naturally, the same in each case.
These results indicate that the PMTs should be shot-noise limited under both
room-temperature and cooled conditions, whereas the PD should be limited by
Johnson noise in the load resistor. The necessary omission of flicker noise
calculations is crucial, since the PCD is certainly dominated by noise of
that type. For this reason no meaningful signal-to-noise calculations can
be made for that detector. Importantly, the magnitude of flicker nolise 1is a
strong function of the detector area (5). A PCD should have as small an
area as is practical for a given application. Because dark current is a
function ot detector area, shot-nolse values for all detectors are dependent

on detector area as well,

Noise calculations for the PDA, expressed both as a number of electrons
and as a fraction of saturation charge, are presented in Table III. (The
saturation charge is specified to be 14 pcoul, which is equivalent to 8.8 x
107 electrons. The preamplifier and ADC outputs at saturation are 3 V and
4095 quantization units, respectively.) The fraction-of-saturation figures
allow a convenient comparison with measured values and indicate the avail-
able dynamic range for signal integration. A minimally detectable signal
value can be taken as the quadratic sum of the calculated noise values,
which equals 7.5 x 1077 times the saturation charge. The reciprocal of this

number gives an approximate dynamic range of 1.3 x 104 The pixel readout

and preamplifier noise calculations are probably too low: they require
values for video-line and other capacitances which, because the array chip is
separated from the evaluation circuit board by ribbon cable, are certainly
much larger than specified. (The total capacitance, C, used in the calcula-
tion of preamplifier noise includes a rough estimate of the stray ribbon-
cable capacitance.) Careful circuit design to minimize video-line capaci-

tance and crosstalk is essential when the PDA must be separated from the
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evaluation circuit. This separation is usually necessary in order to cool

the PDA and mount it in a monochromator.

Table IV summarizes signal and total noise measurements for each detec-
tion system. These measurements do not include signal~induced noilse and,
hence, represent the limiting noise in a low-signal situation. The lamp
temperature used to make signal measurements was chosen to be low enough to
avold saturation of the PDA. This requirement resulted in a signal which
was well below the minimally detectable signal for the room—temperature PCD;
thus, no signal measurements are included for that detector at room tempera-—
ture.

The calculations of Table II predict a shot-noise limit for the PMTs;
the measured noise voltages are within a factor of 2-3 of those calculated.
A cursory examination of the frequency spectrum of 7102 PMT noise indicates
some l/f-type behavior. Nevertheless, the signal-to-noise behavior of the
7102 PMT follows the square root relationship expected for shot noise: the
S/N for DC measurements is just twice that for the 50-percent duty-cycle
modulated measurements (again, signal-induced noise is not included), and a
plot of SPMTI/Z vs. OpMT at various values of iy gives a straight line.

The PD was predicted to be limited by Johnson noise in the preamplifier
load resistance. The measured nolse amplitude corresponds closely to the
calculated value from Table II. In fact, independent measurements of nolse
in the preamplifier with and without the load resistance and in the lock-in
amplifier pinpoint the load resistance as the limiting noise source. With-
out a detector the amplifier system noise is 1.2 x 107 Vv rms. Replacement
of the load resistance with a 100  input resistor reduces the noise to 1.8
x 1078 Vv rms. The lock-in amplifier alone exhibits a noise amplitude of
1.0 x 1078 v rms. (These last two values differ from calculated values by

factors of 1.3 and 2.9.)
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The measured noise amplitude for the PCD is, as expected, greater than
any of the calcuiatéd values of Table II. The PCD is limited by flicker
noise, and its noise power spectrum shows a strong 1/f dependence at low
frequencies. |

The quadratic sum of the noise values calculated for the PDA (Table
I1I) yields a value l.1 x 10~4 times saturation charge for a background-
subtracted signal whereas the measured quantity of 9.3 x 10~% (Table IV) is
a factor of 9 larger. This discrepancy might be due to the capacitance
increase caused by separating the array chip from the evaluation circuit
board. Another significant noise source could be the external preamplifier/
sample-and-hold/ADC circuit, which alone exhibits a noise value, of 3.9 x
10™% times saturation charge. This contribution is 4 times the calculated
sum of scaling preamplifier and quantization noise. Obviously, improvements
in the signal-recovery circuits for the PDA could significantly improve 1its
noise characteristics.

A more important criterion than the absolute noise level is the signal-
to~dark-noise ratio. Comparisons Independent of photon flux can be made by
calculating the ratio of two individual signal-to—-dark-noise ratios using
the signal expressions (equations 1, 2, and 10) and calculated noise values
from Tables II and III. Such comparisons assume a low flux situation where
photon~induced shot noise is not the dominant noise source. With nj (900
nm) = 2.4 x 1073 (19), Ng * 0.9 (12), and N = 0.69 (13), the S/N for the
7102 PMT should be 7.5 times the S/N for the PD. The quadratic sum of the
calculated noise values for the PDA must include a factor of two, since PDA
data are background-subtracted. When corrections are made for detector
areas, the computed S/N for the PDA is 12 times that for the PD. Measured

values for signal-to-dark-noise ratios at 900 nm are given in Table IV. The

12
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ratio of these values for the PMT and PD are (8.2 x 102)/(5.6 x 102) = 1.5;

for the PDA and PD the ratio is (2.5 x 102)/(5.6 x 10%) = 0.45. The PMT/PD
values correspond within a factor of five to calculations, whereas the
PDA/PD ratio is a factor of 27 smaller than predicted. If the calculated
noise value for the PDA is replaced by the measured value, the calculated
PDA/PD ratio, 1.4, is much closer to the measured result. The discrepency
is, as explained above, between the calculated and measured PDA noise
values.

In practice, for extended sources, the much larger photosensitive area
of the PMTs c&uld be exploited to yield a significant increase in S/N. The
PDA als» has a larger available aperture (x 2.5) than that used for the
present measurements. With careful circuit design the readout and amplifier
noise values for the PDA should approach calculated values. Furthermore,
the multichannel format of the PDA can increase its effective S/N in many
measurement situations (20).

Ingle and Crouch have pointed out that a S/N comparison of a PMT and a
PD depends on the incident photon flux (7,21), and that there is a crossover
point below which the PMT exhibits a better S/N and above which the PD is
better. Because silicon PDs have a large quantumefficiency advantage over
the Ag-0-Cs (7102 PMT) photocathode (0.69 vs. 0.0024 at 900 nm), this cross-
over should be shifted to lower light levels here than in the ultraviolet-
visible region. The crossover point can be determined by plotting signal-
to-noise ratios (equations 14 and 15) calculated using equations 1, 2, 4, 6,
and 7.

SPMT

= B e — (14)
2 .

5/ [ A +u 240 2]2
9y, Mt S, PMT A, PMT

Npmrp

13
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S/N D (15)

P 2 2 4 2]dz
["J,PD +0s e t %,

A similar calculation (equation 16) can be made for the PDA using equations

“pDA 16)

2 2 2
[nS,PDA t,epa T nR,PDA]l/z

S/Nppa

10-13. (Scaling preamplifier and quantization noi#e calculations have been
omitted, in deriving equation 16, because they could be minimized in a well-
designed readout system.) Equations 14, 15, and 16 are plotted in Figure 3
as a function of incident photon flux. (The calculations were made for a
900 nm light source image of l1-mm diameter focused onto a single detector
element and for an equivalent noise bandwidth of 0.125 Hz.) The bend in the
PD curve corresponds to the region where Johnson and shot noise contribu-
tions are comparable. The bend in the 7102 PMT curve corresponds to the
region where shot noise caused by thermionic emission becomes significant.

0l0 photons s~l cm™2, which

The crossover point occurs at a flux of 2.0 x 1
corresponds to a8 PMT anode current of 1.3 x 10"8 A. (This current is four
orders of magnitude greater than the rms dark noise, which was measured to
be 1.0 x 10712 A for the cooled PMT.) The PDA should exhibit comparable or
better S/N performance than either the 7102 PMT or the PD if the capacitance
and signal recovery problems can be eliminated. The PDA does suffer from a
more limited dynamic range: the upper limit in photon flux is determined by

the pixel saturation charge. The upper limits for the 7102 PMT and PD are

determined, respectively, by the maximum average anode current rating and a

Cugd practical amplifier output voltage (v 10 V). The corresponding S/N vs. ¢

7 curve for the R636 PMT would almost exactly overlap that for the 7102 PMT,

AR A AL g3 PIL AL At bt S DRSS
-~ b . - - . - .




the major difference being the much lower maximum average anode current of

the R636 PMT, which would limit it to a maximum log ¢ of ll.6.
o The signal-to-(detector) noise ratio is certainly not the only crite-

rion to be considered in choosing the best near-infrared detector for a

-

particular application. Spectral response is also an important considera-

AR

.

-5,

E;& tion. Figure 4 1s a plot of the spectral response for the two PMTs, the PD,

o and the PCD between 700 and 1200 nm. The curves have been scaled to reflect
§§ the S/N values measured at 900 nm. At any particular wavelength the ordi-
ﬁﬁ nate value for the curves corresponds to the response at that wavelength
v divided by the detector (dark) noise. Clearly, the R636 PMT has a signifi—

.%; cant advantage below approximately 890 nm; however, the 7102 PMT or the

.ii silicon detectors would probably offer superior performance between 900 and
.;. 1100 nm. The PCD is probably the most useful detector beyond 1100 nm. (The
;? PDA curve was eliminated for clarity: 1its response would mimic that of the
33 silicon PD with an appropriate S/N offsetJ'

-S; Other important criteria in choosing a near-infrared detector iaclude
.;i dynamic range, the range of photon flux to be measured, readout complexity,
.:i the need for multichannel measurements, and cost. The cooled PDA, the

_;. cooled 7102 PMT and the R636 PMT all exhibit a S/N advantage over the PD at
%?; ’ low light levels. This advantage would increase if the larger formats of
E;; these detectors were utilized. The limited spectral response of the R636

\g PMT precludes its use for some applications, such as the detection of sulfur
Y

1* : emission above 900 nm (4). The PDA and PMTs are, however, considerably more
};} expensive than the PD. Improvements in the PDA readout system would likely
:{' yield better S/N characteristics for that detector, although the dynamic

:;é range limitation caused by saturation remains a significant problem. The
:ig PD, on the other hand, exhibits a S/N advantage at high light fluxes. The
;.-
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PCD would be the detector of choice only for measurements beyond approxi-
mately 1100 nm. The above discussion should indicate both the importance of

S/N comparisons and the relative accuracy with which the necessary calcula-

tions can be made.

The authors are grateful for technical assistance from and helpful
discussions about S/N with R. Withnell and R. E. Ensman. One of the authors
(J.E.F.) wishes to thank the Perkin-Elmer Corporation, the Analytical
Division of the American Chemical Society, and Procter and Gamble for
fellowship support during this investigation. This research was supported

in part by the National Science Foundation and by the Office of Naval

Research.
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N FIGURE CAPTIONS
.
’1
"I
. Figure 1. Apparatus used to make signal measurements for the PMTs, PD
and PCD.
': /
N
. Figure 2. Preamplifier circuit used with the PMTs, PD, and PCD.
A
-
o Figure 3. S/N as a function of incident photon flux for the 7102 PMT
',:: (e), PD (+), and PDA (). Calculated for a 900 nm light
source image of l-mm diameter focused onto a single detector
4

et

element and for an equivalent noise bandwidth of 0.125 Hz.

Figure 4. Relative spectral response divided by detector noise for the

R636 PMT (a), 7102 PMT (b), PD (c), and PCD (d). Curve d is

multiplied by 10. All curves are multiplied by 10 between

950 and 1200 nm.
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’$§$ Table I. Symbol Definitions
R
>
:ﬁ{: A detector area
i B secondary emission statistical factor
::5 c total input capacitance of PDA video amplifier
:Iﬁ Cp PDA pixel capacitance
'u'-\'
‘“if Cvc PDA video-line-to-clock-line capacitance
f;f e electron charge
.;;; g average PMT dynode gain
AN
I G PMT current gain
Lo
™ ia amplifier equivalent input noise current
'é v id dark current
b -. 4 J .
\f;i ip photon-induced current
f v
IS .
P k Boltzmann's constant
}{y m number of PMT dynode stages
$§$ n number of eleztrons for the PDA
‘f{: subscripts: PDA - signal; S,PDA - shot noise;
}:; A,PDA - amplifier noise; R,PDA - pixel-reset noise
R1 load or feedback resistance in amplifier circuit
7 -
-{ Rd detector resistance
e S signal voltage
N subscripts: PMT - photomultiplier; PD - photodiode;
' P
. PCD - photoconductive detector
'y
Lo t PDA integration period
:?: tp PDA readout time for one pixel
: j Td detector temperature
:\{_ Tr resistor temperature
e
i:{. Va amplifier equivalent input noise voltage
..\!-.
<3 vy detector bias voltage

Forre Af measurement system bandwidth

RSN

’:gs n PD quantum efficiency

\i: Ny first dynode collection efficiency ‘

ol \

= n, (A) photocathode quantum efficiency at wavelength A ‘
, X J

... ‘

’ﬂ}: c rms noise voltage

‘z 3 subscripts: J - Johnson noise; S - shot noise;

;: ) A - amplifier noise; PMT, PD, PCD as under S

. ¢ photon flux
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& Table III. Calculated Contribution to White Noise Output:

.', Photodiode Array (-17°C)
A
co !

) Noise Source Calculated Noise Values (rms)
]
'}." # of Electrons Fraction of Saturation
3

¢
Re Shot (dark)! 1.4 x 10° 1.6 x 10-°
) Pixel Readout> 9.4 x 102 1.1 x 1075
;‘\- - 3 3 =5

") Preamplifier 1.3 x 10 1.5 x 10

'j Scaling Preamplifierl‘ 7.3 x 102 8.3 x 10°®
!

Quantization 6.2 x 103 7.0 x 1075

2

<>

{.‘ 1 -1l o -

- id = 8 x 107**A (-17°C) (16), t = 4.0 s
R 2 _
:v, cp = 2pF, C = 1.2pF (16), Ty = 256 K
‘.~
N 3 |

'f: ia = 1.5 x 107!%A [estimated from the gate current specification (17)],
»

t, = 5.6 x 107%s (pixel clock rate = 18 kHz), v, =2.7x 10"%v (13,

C % 75pF (video line capacitance = 24pF (1), amplifier capacitance =
‘ 8pF (17), cable capacitance » 1pF/cm for ~ 40 cm)

'

| 4va = 2.5 x 10~° vHz~ ¥ (18), Af = 1 x 10° Hz, saturation voltage = 3 V,

f
% iaRl is negligible
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